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Eirst  published  June  14,  2005;  doi:10.1152/ajpendo.00137.2005. — Hem¬ 
orrhagic  coagulopathy  is  involved  in  the  morbidity  and  mortality  of 
trauma  patients.  Nonetheless,  many  aspects  of  the  mechanisms  un¬ 
derlying  this  disorder  are  poorly  understood.  We  have  therefore 
investigated  changes  in  fibrinogen  metabolism  and  coagulation  func¬ 
tion  after  a  moderate  hemorrhagic  shock,  using  a  new  stable  isotope 
approach.  Twelve  pigs  were  randomly  divided  into  the  control  (C)  and 
hemorrhage  (H)  groups.  Hemorrhage  was  induced  by  bleeding  35% 
total  blood  volume  over  a  30-min  period.  A  primed  constant  infusion 
of  [l-'^C]phenylalanine  (Phe),  ds-phenylalanine,  and  a-[l-'^C]- 
ketoisocaproate  (KIC)  was  given  to  quantify  fibrinogen  synthesis  and 
breakdown,  together  with  measurements  of  circulating  liver  enzyme 
activities  and  coagulation  function.  Mean  arterial  pressure  was  de¬ 
creased  by  hemorrhage  from  89  ±  4  mmHg  in  C  to  47  ±4  mmHg  in 
H  (P  <  0.05),  followed  by  a  rebound  to  68  ±  5  mmHg  afterward. 
Eibrinogen  fractional  synthesis  rate  increased  from  2.7  ±  0.2%/h  in  C 
to  4.2  ±  0.4%/h  in  H  by  Phe  (P  <  0.05)  and  from  3.1  ±  0.4%/h  in 
C  to  4.4  ±  0.5%/h  in  H  by  KIC  (P  <  0.05).  Eibrinogen  fractional 
breakdown  rate  increased  from  3.6  ±  1.0%/h  in  C  to  12.9  ±  1.8%/h 
inH(P  <  0.05).  The  absolute  breakdown  rate  accelerated  from  3.0  ± 
0.4  mg-kg^'-h^^  in  C  to  5.4  ±  0.6  mg-kg^^-h^'  in  H  (P  <  0.05), 
but  the  absolute  synthesis  rate  remained  unchanged.  These  metabolic 
changes  were  accompanied  by  a  reduction  in  blood  clotting  time  to 
92.7  ±  1.6%  of  the  baseline  value  by  hemorrhage  (P  <  0.05).  No 
changes  were  found  in  liver  enzyme  activities.  We  conclude  that  the 
observed  changes  in  coagulation  after  hemorrhagic  shock  are  mech¬ 
anistically  related  to  the  acute  acceleration  of  fibrinogen  degradation. 
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HEMORRHAGIC  COAGULOPATHY  (without  neurological  injury)  con¬ 
stitutes  40%  of  injury-related  death  in  civilian  hospitals  and  on 
the  battlefield  (1,  3,  15,  18).  Hemorrhagic  coagulopathy  in¬ 
cludes  an  initial  hypercoagulable  state  that  may  result  in 
consumptive  depletion  of  fibrinogen  and  progress  to  dissemi¬ 
nated  intravascular  coagulation  (DIC;  see  Refs.  2,  7,  8,  11,  12, 
18,  22).  DIC  results  in  a  paradoxical  situation  in  which  patients 
are  hypocoagulable  in  terms  of  hemostasis  and  therefore  can¬ 
not  stop  bleeding,  and  yet  inappropriately  deposit  fibrin  in  the 
microvasculature,  contributing  to  later  organ  failure  in  patients 
that  survive  the  initial  hemorrhagic  insults.  It  appears  that  the 
availability  and  metabolism  of  fibrinogen  may  play  a  role  in  the 
development  of  the  pathophysiological  process.  However,  the 
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relation  between  changes  in  fibrinogen  metabolism  to  the 
development  of  clotting  defects  is  poorly  understood.  The 
complexity  of  the  clinical  settings,  such  as  tissue  injury,  blood 
loss,  blood  transfusion,  and  resuscitation,  makes  it  difficult  to 
clarify  the  mechanism  contributing  to  the  development  of 
clotting  disorders.  Therefore,  we  have  used  an  animal  model 
that  allowed  us  to  define  changes  in  fibrinogen  metabolism 
under  hemorrhage  shock. 

The  essence  of  the  coagulation  process  is  the  formation  of 
fibrin  from  its  precursor  fibrinogen.  Normal  physiological 
coagulation  requires  a  dynamic  balance  of  complex  systems  of 
procoagulant,  anticoagulant,  and  fibrinolytic  processes.  The 
pathophysiological  states  involve  dysfunction  of  these  pro¬ 
cesses.  Investigation  of  coagulation  in  trauma  patients  has  been 
primarily  based  on  hematological  tests  from  clinical  laborato¬ 
ries  that  assess  levels  of  procoagulant  and  anticoagulant  factors 
(1,7,  12,  22).  Among  all  the  factors  involved  in  the  coagulation 
process,  fibrinogen  level  has  been  reported  to  be  the  first  to 
drop  to  pathophysiological  levels  in  patients  with  coagulation 
defects  (1,6).  The  drop  cannot  be  fully  explained  by  blood  loss 
and  resuscitation  (6).  It  is  not  clear  whether  the  drop  in 
fibrinogen  level  is  the  result  of  inhibited  production,  acceler¬ 
ated  consumption,  or  both,  since  there  has  not  been  an  in  vivo 
technique  available  for  simultaneous  quantification  of  both 
production  and  consumption. 

This  study  was  designed  to  develop  an  in  vivo  technique  to 
quantify  fibrinogen  synthesis  and  degradation  simultaneously 
and  independently.  Using  this  technique,  we  investigated 
changes  in  fibrinogen  metabolism  in  parallel  to  the  changes  in 
the  coagulation  process  after  a  moderate  hemorrhagic  shock  in 
a  swine  model.  Changes  in  fibrinogen  synthesis  were  assessed 
using  a  6-h  infusion  of  a-[l-^^C]ketoisocaproate  ([1-^^C]KIC) 
and  [l-'^C]phenylalanine  ([l-^^C]Phe),  and  changes  in  fibrin¬ 
ogen  breakdown  were  assessed  by  a  4-h  infusion  of  ds- 
phenylalanine  (ds-Phe).  We  tested  the  hypothesis  that  fibrino¬ 
gen  breakdown  was  accelerated  and  fibrinogen  synthesis  re¬ 
mained  unchanged  after  hemorrhage.  To  correlate  fibrinogen 
metabolic  changes  with  functional  changes  in  coagulation, 
thromboelastography  (TEG)  was  used  to  measure  changes  in 
clot  formation  and  fibrin  lysis  from  fresh  whole  blood  samples. 

METHODS 

Experimental  design.  This  study  was  approved  by  the  US  Army 
Institute  of  Surgical  Research  Institutional  Animal  Care  and  Use 
Committee.  Twelve  pigs  were  randomly  allocated  to  normal  control 
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(C;  M  =  6,  40.5  ±1.6  kg)  or  hemorrhage  (H;  n  =  6,  42.0  ±  0.8  kg) 
groups.  After  an  overnight  fast,  animals  were  preanesthetized  with 
glycopyrrolate  (0.1  mg/kg)  and  Telazol  (6  mg/kg),  followed  by 
1.5-2. 5%  isoflurane  in  100%  oxygen  by  mask  for  the  surgical  proce¬ 
dures.  A  multiple  sensor  (Paratrend  Diametrics  Medical,  High  Wy¬ 
combe,  UK)  was  inserted  in  the  carotid  artery  for  measuring  mean 
arterial  pressure,  temperature,  pH,  and  heart  rate.  A  Swan-Ganz 
catheter  was  inserted  in  the  left  jugular  vein  to  measure  cardiac  output. 
The  right  femoral  artery  was  cannulated  for  blood  sampling  and 
induction  of  bleeding.  The  left  femoral  vein  was  cannulated  for  stable 
isotope  infusion,  and  the  right  femoral  vein  was  cannulated  for 
intravenous  anesthesia  of  ketamine  during  the  study. 

Upon  completion  of  surgical  procedures,  lactated  Ringer  solution 
was  infused  at  0.04  mTkg^^-min^^  as  a  maintenance  fluid  in  both 
groups  throughout  the  study.  Anesthesia  was  switched  to  a  combina¬ 
tion  of  isoflurane  (0.5%)  and  continuous  intravenous  drip  of  ketamine 
(0.15  mTkg^^  -h^'  of  100  mg/ml)  throughout  the  entire  study  period. 
After  10-min  stabilization,  blood  samples  were  taken  from  the  femoral 
artery  for  baseline  measurements.  Hemorrhagic  shock  was  then  in¬ 
duced  in  the  hemorrhage  group  by  bleeding  ~35%  total  blood  volume 
from  the  left  femoral  artery  to  a  preweighed  canister  on  a  balance  over 
a  30-min  period.  The  rate  of  bleeding  was  controlled  by  adjusting  the 
clamp  on  the  left  femoral  artery  catheter  to  maintain  mean  arterial 
pressure  >40  mmHg  during  the  bleeding.  After  removal  of  the  blood, 
the  animal’s  condition  was  continuously  monitored  for  30  min  before 
starting  a  primed  constant  infusion  of  stable  isotope  tracers.  Pigs  in  the 
control  group  were  given  the  same  amount  of  maintenance  fluid  and 
anesthesia,  but  not  bled.  No  resuscitation  or  heparin  was  used  in  this 
study. 

Stable  isotope  infusion.  The  protocol  of  the  primed  constant  infu¬ 
sion  of  stable  isotopes  is  graphically  depicted  in  Fig.  1.  A  sterile 
solution  of  stable  isotope-labeled  [1-^^C]KIC,  [l-^^C]Phe,  and  ds-Phe 
was  made  in  0.45%  saline  and  infused  via  the  left  femoral  vein.  On 
starting  the  infusion  study,  a  priming  dose  of  stable  isotopes  was  given 
via  the  femoral  vein  containing  [1-^^C]KIC  (30  p,mol/kg),  [l-^^C]Phe 
(18  p,mol/kg),  and  ds-Phe  (18  p,mol/kg).  This  was  followed  immedi¬ 
ately  by  a  constant  infusion  of  tracer  [1-^^C]KIC  (0.5  p,mol-kg^'- 
min^^),  [l-^^C]Phe  (0.3  p,mol'kg^' -min^'),  and  ds-Phe  (0.3  p,mol- 
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Fig.  1.  Stable  isotope  infusion  study  protocol  in  control  {n  =  6  pigs)  and 
hemorrhage  (;i  =  6  pigs)  groups.  Phe,  phenylalanine;  KIC,  ketoisocaproate; 
ICG,  indocyanine  green. 


kg^'-min^').  The  infusion  of  [1-^^C]KIC  and  [l-^^C]Phe  was  main¬ 
tained  for  6  h,  and  the  ds-Phe  infusion  was  maintained  for  4  h  (Fig.  1). 
The  total  tracer  solution  infused  over  6  h  was  125  ±  3  ml  in  C  and 
114  ±  6  ml  in  H.  Blood  samples  (10  ml  each)  were  collected  hourly 
for  6  h  with  two  additional  samplings  at  5.5  and  6.5  h.  At  5  h,  a  bolus 
dose  of  sterile  indocyanine  green  (ICG)  dye  solution  (10  ml  of  2.5 
mg/ml)  was  given  via  the  femoral  vein,  and  additional  blood  samples 
(2  ml  each)  were  collected  upon  injection  and  then  at  5,  10,  and  15 
min  for  the  assessment  of  plasma  volume.  Additional  blood  samples 
were  drawn  at  baseline  and  5  h  (1  ml  each)  for  blood  clotting 
measurements. 

Analytical  methods.  Hematocrit  (Hct)  and  platelet  counts  were 
measured  from  citrated  blood  using  an  ABX  Pentra  120  Hematology 
Analyzer  (ABX  Diagnostics,  Irvine,  CA).  Blood  chemistry  was  mea¬ 
sured  using  a  Dimension  Clinical  Chemistry  System  (Dade  Behring, 
Newark,  DE)  that  included  plasma  total  protein  content  and  the 
enzyme  activities  of  aspartate  aminotransferase,  alanine  aminotrans¬ 
ferase,  lactate  dehydrogenase,  and  "y-glutamyltranspeptidase.  Plasma 
fibrinogen  concentration  was  measured  using  the  BCS  Coagulation 
System  (Dade  Behring,  Deerfield,  IL). 

Blood  coagulation  process  was  evaluated  from  1  ml  fresh  whole 
blood  using  a  TEG  5000  Hemostasis  Analyzer  (Haemoscope,  Niles, 
IL)  with  pig  thromboplastin.  In  TEG  measurements,  blood  clotting 
time  is  the  time  required  for  the  formation  of  initial  detectable  clot  in 
measuring  cups  and  LYeo  is  an  estimate  of  fibrin  clot  lysis. 

Eor  assessment  of  plasma  free  amino  acid  enrichments,  0.5  ml 
acidified  plasma  was  loaded  on  a  cation  exchange  column  (AG 
50W-X8  resin,  200-400  mesh,  H^  form;  Bio-Rad).  Amino  acids 
were  separated  after  elution  with  ammonic  hydroxide.  The  extracts 
were  dried  under  speed  vacuum  and  derivatized  by  A-methyl-A-(fert- 
butyldimethylsilyl)trifluoroacetamide  at  100°C  for  1  h.  Plasma  fibrin¬ 
ogen  was  isolated  by  adding  0.5  M  CaCU  and  thrombin  to  form  a 
fibrin  clot,  following  the  procedure  described  by  Stein  et  al.  (17).  The 
purity  of  fibrinogen  by  this  procedure  has  been  validated  previously 
by  affinity  chromatography  (9)  and  by  PAGE  (10).  The  clot  was  then 
washed  and  hydrolyzed  in  6  N  HCl  at  1 10°C  for  24  h  and  dried  under 
speed  vacuum.  The  released  amino  acids  after  hydrolysis  were  iso¬ 
lated,  dried,  and  derivatized  in  the  same  manner  as  for  plasma  free 
amino  acids.  The  enrichments  of  leucine  and  phenylalanine  from  the 
plasma  free  amino  acid  pool  and  in  fibrinogen  protein  were  deter¬ 
mined  by  gas  chromatography-mass  spectrometry  (model  5973; 
Hewlett-Packard)  in  the  electron  impact  ionization  mode.  A  selective 
ion-monitoring  method  was  used  at  nominal  mass-to-charge  ratio  of 
302  (m  +  0)  and  303  {m  +  \)  for  leucine,  and  336  (m  +  0),  337  (m  -I- 
1),  338  (m  ±  2),  339  (m  -F  3),  340  (m  ±  4),  and  341  {in  +  5)  for 
phenylalanine. 

Calculations.  Plasma  fibrinogen  fractional  synthesis  rate  (FSR)  was 
calculated  using  the  formula 

FSR  =  [EB„2,  -  EB(,i)]/(EF  X  t)  (]) 

where  EB(,)  is  the  enrichment  of  fibrinogen-bound  amino  acids,  EF  is 
the  precursor  enrichment,  ti  is  the  time  point  when  ds-Phe  infusion 
was  stopped  (5  h),  t2  is  the  time  point  when  infusion  of  [l-'^C]Phe  and 
[1-'^C]KIC  was  stopped  (7  h),  and  t  is  time.  In  using  tracer 
[I-'^C]Phe  to  calculate  FSR,  EB(,)  was  fibrinogen-bound  phenylala¬ 
nine  enrichment  and  EF  was  plasma  free  phenylalanine  enrichment  at 
the  steady  state.  In  using  tracer  [1-^^C]KIC  to  calculate  FSR,  EB(,) 
was  fibrinogen-bound  leucine  enrichment,  and  EF  was  the  plasma  free 
leucine  enrichment  at  the  steady  state. 

Plasma  fibrinogen  fractional  breakdown  rate  (FBR)  was  deter¬ 
mined  by  calculating  the  fractional  rate  of  loss  of  labeled  fibrinogen 
after  the  ds-Phe  tracer  was  stopped.  When  the  ds-Phe  tracer  was 
stopped,  the  plasma  phenylalanine  enrichment  did  not  immediately  go 
to  zero  because  it  took  time  for  the  labeled  phenylalanine  to  be  cleared 
from  the  blood,  so  labeled  fibrinogen  continued  to  be  produced  during 
this  period.  To  account  for  this  continued  label  incorporation,  we 
determined  the  predicted  fibrinogen-bound  ds-Phe  enrichment  [as- 
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suming  that  there  was  no  loss  of  labeled  phenylalanine  (denoted 
EBprcd)]  using  the  formula 

EBp^  =  EB„„  +  FSR  X  EF  X  /  (2) 

where  EB(,i)  is  the  starting  fibrinogen  bound  phenylalanine  enrich¬ 
ment  when  ds-Phe  infusion  was  stop[>ed,  EF  is  the  enrichment  of 
plasma  phenylaltmine,  euid  t  is  the  tunount  of  time  that  elapsed  from 
the  starting  fibrinogen-bound  phenylalanine  measurement.  To  account 
for  the  delay  between  the  time  when  plasma  phenylalanine  is  taken  up 
to  the  time  that  it  appears  in  bound  fibrinogen,  EF  is  the  free 
phenylalanine  enrichment  1  h  before  the  time  of  the  fibrinogen-bound 
enrichment.  Note  that  Eq.  2  is  just  a  rearrangement  of  FSR  Eq.  1 
where  EBpnsd  is  EB(^2). 

The  actual  measured  fibrinogen-bound  phenylalanine  enrichment 
(denoted  EBact)  will  be  lower  than  the  above  predicted  enrichment  to 
the  extent  that  the  label  is  irreversibly  lost.  Therefore,  the  FBR  can  be 
calculated  using  the  formula 

FBR  =  (EBp„j  -  EB„)/[EB„„  X  r]  (i) 

The  numerator  of  this  equation  represents  the  tunount  of  tracer  that  is 
irreversibly  lost  (relative  to  the  amount  of  tracee).  Dividing  this  value 
by  the  initial  enrichment  [EBan]  gives  the  percentage  of  the  initial 
enrichment  that  was  irreversibly  lost,  and  dividing  also  by  the  time 
gives  the  fractional  rate  that  the  tracer  is  lost.  It  is  assumed  that  the 
fractional  rate  of  loss  of  unlabeled  fibrinogen  is  the  stune  as  the 
labeled  fibrinogen. 

The  plasma  fibrinogen  absolute  synthesis  rate  was  calculated  by 
multiplying  FSR  by  plasma  fibrinogen  concentration  and  plasma  pool 
size.  Similttfly,  plasma  fibrinogen  absolute  breakdown  rate  was  ctd- 
culated  by  multiplying  FBR  by  plasma  fibrinogen  concentration  and 
plasma  pool  size. 

Statistical  analysis.  All  results  tu’e  expressed  as  means  ±  SE. 
Comparisons  between  the  groups  in  fibrinogen  synthesis,  breakdown, 
liver  enzyme  activities,  substrate  concentrations,  and  changes  in  blood 
clotting  measurements  were  made  with  Student’s  f-test.  Statistical 
significance  was  set  at  the  0.05  level. 

RESULTS 

Physiological  data.  All  measurements  in  the  control  group 
remained  unchanged  during  the  study.  Mean  arterial  pressure 
decreased  immediately  after  hemorrhage  from  89  ±  4  mmHg 
in  C  to  47  ±4  mmHg  in  H  (P  <  0.05),  followed  by  a  rebound 
to  68  ±  5  mmHg  in  H  after  30  min.  Similarly,  cardiac  output 
decreased  immediately  after  hemorrhage  from  3.4  ±  0.4  1/min 
in  C  to  1 .8  ±  0.2  1/min  in  H  (P  <  0.05),  followed  by  a  rebound 
to  2.9  ±  0.4  1/min  in  H  after  30  min.  Within  1  h  after 
hemorrhage,  there  was  a  significant  increase  in  blood  lactate 
concentration  and  decreases  in  Hct,  fibrinogen  concentration, 
and  plasma  total  protein  content.  Afterward,  there  were  no 
changes  within  each  group  from  1  to  7  h  in  measurements  of 
Hct  (29.2  ±  0.7%  in  C  and  25.4  ±  1.1%  in  H,  P  <  0.05), 
platelet  count  (316.7  ±  33.7  X  10^/ml  in  C  and  268  ±  11.1  X 
10^/ml  in  H,  P  =  0.15),  fibrinogen  concentration  (185.8  ±  15.5 
mg/dl  in  C  and  120.6  ±  2.4  mg/dl  in  H,  P  <  0.05),  and  total 
protein  concentration  (5.14  ±  0.21  g/1  in  C  and  3.91  ±  0.15  g/1 
in  H,P  <  0.05).  Plasma  volume,  measured  by  ICG  dye  at  5  h, 
was  49.7  ±  0.5  ml/kg  in  C  and  34.0  ±  0.4  ml/kg  in  H  (P  < 
0.05). 

Blood  biochemical  and  clotting  data.  There  were  no  differ¬ 
ences  between  the  two  groups  in  circulating  enzyme  activities  of 
aspartate  aminotransferase,  alanine  aminotransferase,  lactate  de¬ 
hydrogenase,  and  "y-glutamyltranspeptidase  during  the  study. 


□  Control  ■  Hemorrhage 
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Fig.  2.  Changes  in  blood  clotting  time  as  %baseline  values  in  control  (n  =  6) 
and  hemorrhage  (n  =  6)  groups  5  h  posthemorrhage  shock.  A  decrease  in 
clotting  time  indicates  an  acceleration  of  the  clotting  process.  *P  <  O.OS 
control  vs.  hemorrhage  groups.  Data  are  expressed  as  means  ±  SE. 


Changes  of  blood  clotting  time  after  hemorrhage  are  shown 
in  Fig.  2.  At  5  h,  blood  clotting  time  in  H  was  shortened  to 
92.7  ±  1.6%  of  its  baseline  value  compared  with  104  ±  1.5% 
of  its  baseline  value  in  C  (P  <  0.05).  There  were  no  differences 
in  fibrin  clot  lysis  (LYeo)  between  the  two  groups. 

Isotope  data  and  fibrinogen  kinetics.  The  enrichments  of 
plasma  free  leucine  tracer-to-tracee  ratio  (TTR)  (m  +  1)  in 
both  groups  reached  plateau  values  (9.37  ±  0.35%  in  C  and 
9.07  ±  0.61%  in  H)  after  1  h  of  [l-'^CjKIC  infusion  (Fig.  3). 
Similarly,  the  enrichments  of  plasma  free  Phe  TTR  (m  +  1)  in 
both  groups  reached  plateau  values  (21.23  ±  0.58%  in  C  and 
23.80  ±  1.30%  in  H)  after  1  h  of  [l-'^C]Phe  infusion  (Fig.  3). 
The  calculated  rate  of  appearance  for  phenylalanine,  which  is 
a  reflection  of  whole  body  protein  breakdown  (21),  was  1.42  ± 
0.04  p,mol*kg“'-min“'  in  C  and  1.27  ±  0.08  p,mol‘kg“'- 
min“'  in  H  (P  =  0.16). 

The  enrichments  of  fibrinogen-bound  phenylalanine  TTR 
(m  -F  1)  and  leucine  TTR  (m  -F  1)  showed  a  linear  increase 
during  the  infusion  of  [l-'^C]Phe  and  [1-’^C]K1C  (Fig.  4). 
Plasma  fibrinogen  FSR  was  calculated  from  the  increment  of 
fibrinogen  enrichments  between  5  and  7  h  of  the  infusion 
study.  Fibrinogen  FSR  measured  by  [1-'^C]KIC  was  3.1  ± 
0.4%/h  in  C  and  4.4  ±  0.5%/h  in  H  (P  <  0.05),  and  the  FSR 
by  [l-'^C]Phe  was  2.7  ±  0.2%/h  in  C  and  4.2  ±  0.4%/h  in  H 
(P  <  0.05).  It  is  worth  mentioning  that,  within  each  group,  the 
FSR  values  measured  by  these  two  tracers  were  close,  and 
significant  increases  of  FSR  by  hemorrhage  were  shown  by 
both  tracers.  Fibrinogen  absolute  synthesis  rate,  calculated  by 
multiplying  FSR  by  fibrinogen  concentration  and  plasma  vol¬ 
ume,  was  2.5  ±  0.6  mg"kg~'-h~'  in  C  and  1.7  ±  0.2 
mg-kg~'"h~'  in  H  by  tracer  [l-'^C]Phe  (P  =  0.24,  Fig.  5)  and 
3.0  ±  0.8  mg-kg~'"h“*  in  C  and  1.8  ±  0.2  mg'kg~'*h~*  in 
H  by  tracer  [l-'-^C]KIC  (P  =  0.43). 

Fibrinogen  FBR  was  calculated  from  the  changes  in 
fibrinogen-bound  Phe  enrichment  TTR  (m  +  5)  after  the 
cessation  of  tracer  ds-Phe  infusion  (Fig.  4).  The  FBR  in  H 
was  12.9  ±  1.8%/h,  which  was  significantly  accelerated 
from  3.6  ±  1.0%/h  in  C  (P  <  0.05).  The  absolute  break¬ 
down  rate,  calculated  by  multiplying  FBR  by  fibrinogen 
concentration  and  plasma  volume,  was  also  accelerated  to 
5.4  ±  0.6  mg'kg“'"h“'  in  H  compared  with  3.0  ±  0.4 
mg"kg“'*h“'  in  C  (P  <  0.05,  Fig.  5). 
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Fig.  3.  Changes  in  plasma  free  leucine  (Leu)  and  Phe  enrichments  in  control 
(O,  n  =  6)  and  hemorrhage  (•,  n  =  6)  groups  during  the  infusion  of 
a-[l-'3C]KIC  (6  h),  [l-'^CJphenylalanine  ([l-'^JPhe,  6  h),  and  ds-phenylal- 
anine  (ds-Phe,  4  h).  Data  are  expressed  as  means  ±  SE.  TTR,  tracer-to-tracee 
ratio. 


Fig.  4.  Changes  in  hbrinogen-bound  Leu  and  Phe  enrichments  in  control  (O, 
n  =  6)  and  hemorrhage  (•,  n  =  6)  groups  during  the  infusion  of  [l-'^C]KIC 
(6  h),  [l-”C]Phe  (6  h),  and  ds-Phe  (4  h).  Data  are  expressed  as  means  ±  SE. 


DISCUSSION 

We  have  developed  a  new  stable  isotope  technique  that 
allows,  for  the  first  time,  simultaneous  and  indep>endent  quan¬ 
tification  of  fibrinogen  synthesis  and  breakdown  in  vivo.  The 
simultaneous  quantification  of  synthesis  and  breakdown  pro¬ 
vides  comprehensive  understanding  of  changes  in  fibrinogen 
metabolism  under  different  physiological  conditions.  Using 
this  new  technique,  we  investigated  changes  in  fibrinogen 
metabolism  in  pigs  after  a  hemorrhagic  shock.  Our  finding  was 
that,  acutely  after  a  moderate  hemorrhage  shock,  fibrinogen 
breakdown  was  accelerated,  but  synthesis  remained  un¬ 
changed.  The  acceleration  in  fibrinogen  breakdown  was  asso¬ 
ciated  with  a  shortening  in  blood  clotting  time.  The  deficit 
between  fibrinogen  production  and  consumption  indicates  a 
potential  decrease  in  fibrinogen  availability  after  hemorrhage. 

Previous  investigations  of  fibrinogen  catabolism  included 
'^I-labeled  fibrinogen  administration  and  subsequent  daily 
blood  samplings  for  5-14  days  (4,  5,  16,  19,  20).  The  radio¬ 
activity  decay  curve  during  the  sampling  period  was  used  to 
calculate  fibrinogen  turnover.  This  approach  was  used  as  the 
only  in  vivo  means  in  the  past  to  monitor  clotting  defects  in 
patients  and  animals  under  pathophysiological  states  (4,  5,  16, 
19,  20).  As  a  comparison,  there  are  a  number  of  advantages  of 
our  new  technique  over  the  '^I-fibrinogen  method.  First,  we 


used  stable  isotopes  rather  than  radioactive  isotopes,  which  is 
a  safer  approach.  Second,  we  measure  FSR  and  FBR  indepen¬ 
dently  and  simultaneously,  whereas  studies  using  '^^I-fibrino- 
gen  only  measure  degradation.  This  is  an  important  advantage 
in  cases  such  as  the  present  study  in  which  synthesis  and 
breakdown  are  not  equal  after  hemorrhage.  Third,  our  method 
provides  fast  and  timely  measurements  to  monitor  the  coagu¬ 
lation  process,  since  it  only  takes  6  h  as  opposed  to  5-14  days 
in  the  *^^l-fibrinogen  approach.  Fourth,  unlike  the  '^^I-fibrin- 
ogen  method,  in  which  the  exogenously  given  fibrinogen  is  not 
directly  comparable  to  the  endogenous  fibrinogen,  the  labeled 
fibrinogen  in  this  study  is  produced  endogenously  by  incorpo¬ 
rating  naturally  occurring  stable  isotopes.  Furthermore,  in  the 


8  -|  □  Synthesis  Rates  ■  Breakdown  Rates 
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Fig.  5.  Fibrinogen  synthesis  and  breakdown  rates  in  control  («  =  6)  and 
hemorrhage  (/i  =  6)  groups.  *P  <  0.05,  control  vs.  hemorrhage  groups.  Data 
are  expressed  as  means  ±  SE. 
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previous  ^^^I-fibrinogen  method,  problems  such  as  uneven 
labeling  of  exogenous  fibrinogen,  modification  of  the  half-life 
of  fibrinogen  from  the  in  vitro  procedure,  possible  tag  shifts 
between  different  proteins,  and  dilution  from  endogenous  fi¬ 
brinogen  synthesis  remain  unresolved  (13-14).  All  of  these 
unresolved  problems  are  likely  to  compromise  the  validity  of 
fibrinogen  degradation  quantification  using  the  ^^^I-fibrinogen 
method. 

Under  the  physiological  situations  in  this  study,  the  steady- 
state  enrichment  level  of  the  infused  tracer  (Fig.  3)  is  mainly 
determined  by  the  turnover  rate  of  the  tracee  pool  rather  than 
the  absolute  concentration  of  the  tracee  in  the  metabolic  pool 
(21);  and  the  determination  of  FSR  of  fibrinogen  is  based  on 
the  slope  of  fibrinogen  enrichment  increment  (Fig.  4)  second¬ 
ary  to  the  steady-state  plasma  enrichment  of  the  infused  tracer 
(Fig.  3).  It  is  also  worth  noting  that  none  of  the  equations  we 
used  to  calculate  fibrinogen  fractional  synthesis  or  breakdown 
has  a  parameter  of  concentration.  Therefore,  we  consider  that, 
even  if  bleeding  and  dilution  from  the  isotope  infusion  might 
alter  precursor  and  product  concentration  to  some  degree,  since 
the  measurements  were  made  under  a  quasi-steady  state,  our 
results  of  FSR  and  FBR  should  reasonably  reflect  the  dynamic 
nature  of  fibrinogen  metabolism.  The  absolute  synthesis  (or 
breakdown)  rate  was  calculated  as  FSR  multiplying  plasma 
volume  and  fibrinogen  concentration.  Because  plasma  volumes 
and  fibrinogen  concentrations  were  directly  measured  in  each 
animal  group  in  this  study,  it  is,  therefore,  not  necessary  to 
correct  or  adjust  plasma  volume  for  the  assessments  of  absolute 
synthesis  and  breakdown  rates. 

In  this  study,  [I-i^C]Phe,  dj-Phe,  and  [l-i^CjKIC  were 
infused  at  the  same  rates  (p,mol-kg^' -min^^)  in  the  control 
and  hemorrhage  groups.  The  total  volume  infused  over  6  h  was 
similar  in  control  (125  ±  3  ml)  and  hemorrhage  (114  ±  6  ml) 
groups.  The  similar  volume  of  tracer  might  cause  relatively 
more  dilution  in  the  hemorrhage  group  because  of  its  blood 
loss  before  the  isotope  infusion.  This  additional  dilution  might 
possibly  decrease  clotting  factor  levels  in  hemorrhaged  ani¬ 
mals,  resulting  in  possible  prolonged  clotting  time  compared 
with  that  in  control  animals.  Thus  our  clotting  time  measure¬ 
ment,  which  was  shortened  ~10%  after  hemorrhagic  shock, 
might  possibly  underestimate  the  hemorrhage  effect  on  clotting 
time.  However,  because  the  infused  volume  during  the  6  h  was 
small  compared  with  total  blood  volume,  this  possible  under¬ 
estimation  was  likely  to  be  minimal.  Therefore,  we  consider 
that  our  clotting  time  results  are  reasonable. 

In  summary,  we  developed  a  stable  isotope  model  to  quan¬ 
tify  fibrinogen  synthesis  and  breakdown  independently  and 
simultaneously  in  pigs.  We  found  that,  acutely  after  a  moderate 
hemorrhage,  fibrinogen  breakdown  was  accelerated,  whereas 
fibrinogen  synthesis  remained  unchanged,  resulting  in  a  net 
loss  of  fibrinogen  availability.  This  study  provides  an  in  vivo 
tool  to  investigate  long-term  or  multifactorial  effects  on  fibrin¬ 
ogen  metabolism  after  hemorrhagic  shock. 

ACKNOWLEDGMENTS 

We  thank  Suzanne  Christensen,  John  Uscilowicz,  Michael  Scherer,  and 
Douglas  Cortez  for  technical  assistance  in  animal  studies  and  Amy  Newland 
for  assistance  in  editing  the  manuscript.  We  appreciate  support  received  from 


the  Veterinary  Service  Support  Branch  and  Laboratory  Support  Branch  at  the 
U.S.  Army  Institute  of  Surgical  Research. 

GRANTS 

This  study  was  supported  by  the  U.S.  Army  Medical  Research  and  Medical 
Command.  The  opinions  or  assertions  contained  herein  are  the  private  views  of 
the  authors  and  are  not  to  be  construed  as  official  or  as  reflecting  the  views  of 
the  Department  of  the  Army  or  the  Department  of  Defense. 

REFERENCES 

1.  Armand  R  and  Hess  JR.  Treating  coagulopathy  in  trauma  patients. 
Transfus  Med  Rev  17:  223-231,  2003. 

2.  Attar  S,  Boyd  D,  Layne  E,  McLaughlin  J,  Mansberger  AR,  and 
Cowley  RA.  Alterations  in  coagulation  and  fibrinolytic  mechanisms  in 
acute  trauma.  J  Trauma  9:  939-965,  1969. 

3.  Bellamy  RE,  Maningas  PA,  and  Vayer  JS.  Epidemiology  of  trauma: 
military  experience.  Ann  Emerg  Med  15:  1384-1388,  1986. 

4.  Blaisdell  FW  and  Graziano  CJ.  Assessment  of  clotting  by  the  determi¬ 
nation  of  fibrinogen  catabolism.  Am  J  Surg  135:  436-442,  1978. 

5.  Blaisdell  FW,  Graziano  CJ,  and  Effeney  DJ.  In  vivo  assessment  of 
anticoagulation.  Surgery  82:  827-839,  1977. 

6.  Collins  JA.  The  pathophysiology  of  hemorrhage  shock.  Prog  Clin  Biol 
Res  108:  5-29,  1982. 

7.  Curreri  PW,  Katz  AJ,  Dotin  LN,  and  Prnitt  BAJ.  Coagulation  abnor¬ 
malities  in  the  thermally  injured  patient.  Curr  Top  Surg  Res  2:  401-411, 
1970. 

8.  Geerts  WH,  Code  KI,  Jay  RM,  Chen  E,  and  Szalai  JP.  A  prospective 
study  of  venous  thromboembolism  after  major  trauma.  N  Engl  J  Med  331: 
1601-1606,  1994. 

9.  Heene  DL  and  Matthias  FR.  Adsorption  of  fibrinogen  derivatives  on 
insolubilized  fibrinogen  and  fibrinmonomer.  Thromb  Res  2:  137-154, 
1973. 

10.  Mansoor  O,  Cayol  M,  Gachon  P,  Boirie  Y,  Schoeffler  P,  Obled  C,  and 
Beanfrere  B.  Albumin  and  fibrinogen  syntheses  increase  while  muscle 
protein  synthesis  decreases  in  head-injured  patients.  Am  J  Physiol  Endo¬ 
crinol  Metab  273:  E898-E902,  1997. 

11.  McKay  DG.  Trauma  and  disseminated  intravascular  coagulation.  J  Trauma 
9:  646-660,  1969. 

12.  Namias  N,  McKenney  MG,  and  Martin  LC.  Utility  of  admission 
chemistry  and  coagulation  profiles  in  trauma  patients:  a  reappraisal  of 
traditional  practice.  J  Trauma  41:  21-25,  1996. 

13.  Regoeczi  E.  Abnormal  fibrinogen  metabolism.  In:  Plasma  Protein  Me¬ 
tabolism,  edited  by  Rothschild  MA.  New  York:  Academic,  1970,  p. 
459-443. 

14.  Rutherford  RB  and  Hardaway  RM.  Significance  of  the  rate  of  decrease 
in  fibrinogen  level  after  total  hepatectomy  in  dogs.  Ann  Surg  163:  51—59, 
1966. 

15.  Sauaia  A,  Moore  FA,  Moore  EE,  Moser  KS,  Brennan  R,  Read  RA, 
and  Pons  PT.  Epidemiology  of  trauma  deaths:  a  reassessment.  J  Trauma 
38:  185-193,  1995. 

16.  Srichaikul  T,  Nimmanitaya  S,  Artchararit  N,  Siriasawakul  T,  and 
Sungpeuk  P.  Fibrinogen  metabolism  and  disseminated  intravascular  co¬ 
agulation  in  dengue  hemorrhagic  fever.  Am  J  Trop  Med  Hyg  26:  525-532, 
1977. 

17.  Stein  TP,  Leskiw  MJ,  and  Wallace  HW.  Measurement  of  half-life 
human  plasma  fibrinogen.  Am  J  Physiol  234:  504-510,  1978. 

18.  String  T,  Robinson  AJ,  and  Blaisdell  FW.  Massive  trauma.  Effect  of 
intravascular  coagulation  on  prognosis.  Arch  Surg  102:  406-411,  1971. 

19.  Tytgat  GN,  Collen  D,  and  Vermylen  J.  Metabolism  and  distribution  of 
fibrinogen.  II.  Fibrinogen  turnover  in  polycythaemia,  thrombocytosis, 
haemophilia  A,  congenital  afibrinogenaemia  and  during  streptokinase 
therapy.  Br  J  Haematol  22:  701-717,  1972. 

20.  Tytgat  GN,  Collen  D,  and  Verstraete  M.  Metabolism  of  fibrinogen  in 
cin'hosis  of  the  liver.  J  Clin  Invest  50:  1690-1701,  1971. 

21.  Wolfe  RR  and  Chinkes  DL.  Isotope  Tracers  in  Metabolic  Research. 
Principles  and  Practice  of  Kinetic  Analysis  (2nd  ed.).  New  York:  Wiley, 
2004,  p.  361-379. 

22.  Zuckerman  L,  Caprini  JA,  Lipp  V,  and  Vagher  JP.  Disseminated 
intravascular  multiple  systems  activation  (DIMSA)  following  thermal 
injury.  J  Trauma  18:  432-439,  1978. 


AJP -Endocrinol  Metab  •  VOL  289  •  NOVEMBER  2005  •  www.ajpendo.org 


